The growing interest in iron metabolism and transport in man has created the need for methods for the determination of serum iron and iron-binding capacity which can be used routinely in the average clinical laboratory with the minimum expenditure of time, reagents, and equipment. The number and various types of method published indicate the value of iron analyses as aids in the diagnosis and treatment of various blood dyscrasias and abnormalities in iron metabolism, as typified by iron-deficiency anaemias, hacmochromatosis, and the ageing process.
Earlier work on serum iron determination has been reviewed by Hemmeler (1951) , Laurell (1952), and Ramsay (1958) . Most methods involve the use of acid media to precipitate protein and to extract the iron, a procedure which was introduced by Barkan (1927) . Some workers use heat to assist liberation of the iron, but others omit this. Methods involving wet ashing for determining total iron have been used to some extent but are tedious and timeconsuming. Recently, Webster (1960) introduced a rapid method which omits protein precipitation but involves heating with a deteigent. In nearly all cases the iron is complexed with thiocyanate, a, a'-dipyridyl, o-phenanthroline, bathophenanthroline or its sulphonate, and measured colorimetrically.
Most methods for the determination of latent iron-binding capacity depend on the small increase in light absorption at about 520 n'u when ferrous
Received for publication 29 November 1960. iron is added to the serum, either incrementally or in excess (Rath and Finch, 1949; Cartwright and Wintrobe, 1949; Ventura, 1952; Kaldor, 1955) . The disadvantage of this kind of method is its low sensitivity, although some variations are simply and rapidly performed. In another type of method, excess iron is added to saturate the transferrin, the residual iron being removed by first complexing with ophenanthroline. Strong acids are then added to liberate the serum-bound iron but not that complexed to o-phenanthroline, the latter being precipitated along with the serum proteins. A frequent problem with this type of method is the difficulty in obtaining an optically clear protein-free filtrate or supernatant; this is essential to the success of the method as even slight amounts of turbidity lead to erroneous results; the use of bathophenanthroline or its sulphate would reduce these errors somewhat by increasing the ratio of colour to turbidity but they would remain appreciable. Several blanks are required and the procedure is somewhat protracted.
The objectives of the present work were to develop rapid direct methods which avoid precipitation of proteins and heating, and require only small volumes of serum and simple blanks. The procedures to be described are carried out entirely in the optical cells or tubes used fol the light absorption measurements, each determination requiring 0 5 ml. serum if bathophenanthroline or its sulphonate (Case, 1951; Peterson, 1953; Trinder, 1956 ) is used, or I ml. if o-phenanthroline is used as complexing agent. acid. On no account should heat be applied because of the risk of explosive decomposition; the cold solution has been used for many years by one of us. Glassware is cleaned in the usual way and drained as free as possible of surplus water before treatment with this reagent, which may be returned subsequently to the stock bottle and used until exhausted, as shown by the precipitation of manganese dioxide. Any manganese dioxide stain is removed with ease by treating it with dilute sulphuric acid containing a little hydrogen peroxide.
PROCEDURE WITH BATHOPHENANTHROLINE SULPHONATE
Wash two optical cells (I cm. light path) with soap solution and a small plug of cotton wool wound round the end of a thin wooden stick. Rinse thoroughly, drain, and inspect the cells for freedom from visible organic matter; then fill them with the acid cleaning mixture. Return the acid to its container and thoroughly wash the cells, rinsing finally with ion-free water. Drain on to filter paper and wipe the outsides with soft tissue.
Into cell B (for blank) measure 1-75 ml. water and into cell T (for test) 0-5 ml. serum. To each add 0-75 ml. heated dithionite reagent. Mix the contents of cell T by gentle but thorough oscillation of the forefinger against the lower side of the cell. After four minutes add 1-25 ml. water to cell T and mix the contents of both B and T by up-anddown stirring with a thin glass rod flattened at the bottom; avoid the optical faces of the cells. Alternatively, mix with a Pasteur pipette. Read T against B in a spectrophotometer at 534 m,u, the wavelength of maximum absorption of the iron-(bathophenanthrolene sulphonate)3 complex. Let the reading be A1 units (linear absorbance or meter scale divisions). To T and B add 0-08 ml. bathophenanthroline sulphonate reagent by means of a 0-2 ml. pipette and mix. After two minutes read again in the instrument; let the reading be A2 units. To T only add 0-04 ml. (I jpg.) standard iron 25 pg./ml. by means of a 0-1 ml. pipette. Mix and after one minute again read T against B. Let the third reading be A3 units. Throughout the procedure it is best not to remove the cells from their holder in order to avoid errors. If a cell should be removed, replace it with the same optical face towards the detector of the instrument. When the measurements are carried out as described, the absorbance readings are relative to one cell only and accordingly the results are not affected by differences in cell characteristics. Consequently it is not absolutely necessary to use high quality optical glassware; in fact it should be poss ble to use any optically clear container such as a test tute, although this has not been investigated in the present work.
PROCEDURE WITH O-PHENANTHROLINE The procedure :s much the same as before, the following volumes being used at each successive step:
(a) 1 ml. water in cell B; 1 ml. serum in cell T However, the error in using the approximate formula is usually less than 2 ,ug. % Fe and may be ignored for most purposes. For low values the more exact equation is preferred.
METHOD II: DETERMINATION OF LATENT IRON-BINDING CAPACITY
The preparative steps are the same as for serum iron determination.
REAGENTS These are as for the previous method, with one addition: Normal saline-ascorbic acid Dissolve a knife-point (N 10 mg.) of ascorbic acid in 50 ml. normal saline. It is essential that the reagent be made under iron-free conditions, i.e., using clean glassware, pure sodium chloride, and de-ionized water. No colour should be visible on addition of bathophenanthroline or its sulphonate.
PROCEDURE WITH BATHOPHENANTHROLINE Into cell B measure 0-58 ml. de-ionized water and 2 ml. salineascorbic acid reagent, and into T measure 0 5 ml. serum and 2 ml. saline-ascorbic acid. To ptg./ml. and proceed as before.
(c) Add 0-08 ml. o-phenanthroline reagent to both cells, and in this case allow the solutions to stand for 10 to 20 minutes until a constant reading is achieved.
(d) To T add 0-04 ml. (2 ,ug.) standard iron, 50 jtg./ml., mix, and proceed as before.
All readings are made at 510 m,u for this reagent.
CALCULATION This is the same for either colour reagent and is carried out as follows: Calculated absorbance from added iron if none were bound to transferrin = 2 (A6 -A) Measured absorbance of residual iron complex A5 -A4 Therefore absorbance of complex which would have been produced by the amount of added iron bound by transferrin = 2(A6 -A5) -(A5 -A4) Iron taken up by transferrin in 1 ml. serum 2(A6 -A5) -A5 -A4) =A6xA5 2,ug.
A6 -A5 x200,g.0%
As before, the exact expression is: Latent iron-binding capacity 2(1-05 A6-103 A5)-(103 As-A4) x 200 Zg. % 1-05 A6-1-03 A5 x20g0 but again the error involved in the use of observed linear absorbances is usually small, except for low values of the latent iron-binding capacity when the last expression should be used. It can be shown also that the error in the approximate expression may be larger for clear sera than for those with a higher background absorption.
The total iron-binding capacity is then the sum of the unsaturated transferrin iron level (TFe.) and the latent iron-binding capacity.
Total iron-binding capacity = TFe. + latent ironbinding capacity, and the percentage saturation is given by:
Saturation . m,u when bathophenanthroline sulphonate is added to the diluted sera. This indicates that while bathophenanthroline sulphonate in saline-ascorbic acid has no effect on transferrin-bound iron it is a stronger complexing agent than non-specific centres in the serum and, under our conditions at least, fairly rapidly chelates all such iron. Further, if excess iron is added to serum and non-specific uptake allowed to proceed for 10 minutes, then all the added iron is recoverable, i.e., is dithionite extractable. The conclusion from these observations is that the iron measured by methods I and II is of types (a) and (b). Further, natural serum contains no iron of type (b). Since analyses for total iron by a wet-ashing procedure have not been carried out in the present work, the magnitude of (c) Recovery experiments were carried out in order to test the potentiality of both methods. Having determined the serum iron and latent iron-binding capacity values of a number of sera, amounts of iron both less than and more than those required to saturate the transferrin were added to the sera, which were then analysed as before. Table I Such experiments showed that the uptake of iron by transferrin and the recovery of residual ionic iron are virtually quantitative under the conditions described. (Partington, 1937 Compared with the results of previous workers (see Davies, Levin, and Oberholzer, 1952, for a 1  19  2  44  3  21  4  21  5  31  6  39  7  20  8  18  9  60  10  34  11  23  12  49  13  35  14  20  Means  Ranges   271  238  351  336  202  221  225  197  248  267  232  272  281  226   2S5   197-351   32  39  41  23  13  43  48  20  34  19  41  34  33  27  32 Rath and Finch (1949) .
In spite of the discrepancies between the normal values published for serum iron, and latent and total iron-binding capacity levels, the figures for percentage saturation found by all workers are in tolerably good accord, being 38 ± 4 % for males and 33 ± 1 % for females. A comparative study of the various methods is evidently needed.
DISCUSSION
The method described for serum iron determination is based on the series of reactions: heated TFeu --T + Fe2+ -+ Fe(phen)3
Na2S204 phen
The success of the method depends on two main requisites. First, the transferrin iron must be completely removed and reduced to the ferrous state, the recovery experiments indicated that such is the case. Secondly the background absorption due to turbidity and serum chromogens must remain stable throughout the procedure. This was checked with a number of sera by running the absorption spectra on a recording spectrophotometer at each stage of method I, beginning at wavelengths higher than those at which the iron complex absorbs. Coincidence of the spectra in this region (700 to 660 m,) was usually observed, any deviations being of a minor order, little more than would be expected as the result of the dilution effect of added reagents. Conditions (2), (3), and (4) have been discussed already and appear to be closely obeyed when the procedure described is followed. For the majority of sera, therefore, it appears that method II gives a reasonably reliable determination of the latent ironbinding capacity.
